Background and Purpose: Patient selection is important to determine the best candidates for endovascular stroke therapy. In application of a hyperacute magnetic resonance imaging (MRI) protocol for patient selection, we have shown decreased utilization with improved outcomes. A cost analysis comparing the pre-and post-MRI protocol time periods was performed to determine if the previous findings translated into cost opportunities. Materials and Methods: We retrospectively identified individuals considered for endovascular stroke therapy from January 2008 to August 2012 who were ≤ 8 h from stroke symptoms onset. Patients prior to April 30, 2010 were selected based on results of the computed tomography/ computed tomography angiography alone (pre-hyperacute), whereas patients after April 30, 2010 were selected based on results of MRI (post-hyperacute MRI). Demographic, outcome, and financial information was collected. Log-transformed average daily direct costs were regressed on time period. The regression model included demographic and clinical covariates as potential confounders. Multiple imputation was used to account for missing data. Results: We identified 267 patients in our database (88 patients in pre-hyperacute MRI period, 179 in hyperacute MRI protocol period). Patient length of stay was not significantly different in the hyperacute MRI protocol period as compared to the pre-hyperacute MRI period (10.6 vs. 9.9 days, p < 0.42). The median of average daily direct costs was reduced by 24.5% (95% confi-
Introduction
Rising healthcare costs have become a national concern as the payor climate shifts from passive payment (fee-for-service) to purchasers of higher quality and affordable care (valuebased care) [1] . This has pressured institutions to seek strategies that improve outcomes while reducing costs. The American Heart Association ® projects stroke-related costs to triple from USD 71.6 billion to USD 184.1 billion by 2030 [2] . Of those costs, the vast majority is attributed to patients who are left with severe dependency from stroke. Endovascular stroke therapy (EST) has gained much traction over the years as an intervention to improve outcomes in patients with intracranial large vessel occlusion (LVO) as only 25% of patients with LVO experience favorable outcomes at 90 days [3] . Recent clinical trials have confirmed the efficacy of intra-arterial stroke therapy for acute ischemic stroke [4] [5] [6] [7] . The high costs of endovascular therapy are thought to be offset by the long-term savings of reduced skilled needs and institutional or home rehabilitative care. No consensus presently exists as to the best strategy for patient selection for acute endovascular ischemic stroke therapy. Increasingly, more centers are moving toward advanced imaging-based selection. Magnetic resonance imaging (MRI) diffusion-weighted imaging (DWI) offers the advantage over computed tomography (CT) of clearly identifying cerebral infarct [8, 9] , though concerns of time delays exist [10] . In addition, many hospitals are concerned about the additional cost of MRI in the stroke process. At our center, we have implemented a hyperacute MRI protocol to aid in patient selection and we have reported this strategy to reduce utilization of EST by nearly half, with improvement in outcome [11] . We hypothesized that despite the increased cost of MRI in the selection process, the decreased utilization of EST and improved outcomes should translate into decreased overall cost. A cost analysis of comparing the pre-hyperacute MRI protocol period and the hyperacute MRI protocol period was performed.
Methods

Subjects
From January 2008 to August 2012, we retrospectively identified patients older than 18 years who presented to our emergency department or transferred from other hospitals with acute ischemic stroke ≤ 8 h since last seen well who were considered for EST from our prospectively maintained database. All patients received standard of care, including IV tPA if eligible. The Institutional Review Board approved this study.
From a prospectively collected database maintained in REDCap [12] , the following baseline clinical characteristics and treatment modalities were collected: demographic data, stroke risk factors, initial National Institutes of Health Stroke Scale (NIHSS) and baseline pre-stroke modified Rankin Scale (mRS) scores, time of last known well, pretreatment imaging, endovascular treatment modality (intra-arterial thrombolysis infusion, glycoprotein IIb/IIIa inhibitors, mechanical thrombectomy devices used), and 30-day mRS outcome data (performed by either in-person or telephone follow-up).
Pre-Hyperacute MRI Protocol Patients in the pre-hyperacute MRI period presented from January 1, 2008 to April 29, 2010. They were selected for EST on the basis of clinical examination with initial NIHSS ≥ 8, non-contrast CT of the head that did not show an acute infarct in >1/3 of the vessel territory, and CT angiography (CTA) showing a corresponding LVO. Further information on imaging parameters is available in the Data Supplement of the original study.
Hyperacute MRI Protocol Patients in the hyperacute MRI period presented from April 30, 2010 to August 31, 2012. They were selected for EST on the basis of previously stated CT/CTA criteria and the result of the pretreatment brain MRI. Patients with a clinically large stroke were taken directly for hyperacute MRI after CTA revealed the presence of an LVO. Those with a contraindication to CTA, such as an increased creatinine or allergy to iodine contrast, or those with nondiagnostic CTA whose clinical examination was consistent with an LVO were taken for hyperacute MRI, and in these instances, an MRA of the head and neck was obtained. To minimize time to EST, as soon as a clinical examination with baseline (NIHSS ≥ 8) and concomitant LVO was found on CTA, the endovascular team was activated. On the basis of MRI results, those patients thought to have either clinical-DWI mismatch (clinical deficits out of proportion to DWI lesion, approximately <70-mL volume core infarct by visual inspection) or DWI-perfusion weighted imaging mismatch (by visual inspection of perfusion maps) were immediately taken for EST.
Statistical Analysis
Patient Population Summary statistics (e.g., means, standard deviations, frequencies, percentages, etc.) of demographic and clinical variables were calculated for patients overall and within the two groups (pre-hyperacute MRI protocol and hyperacute MRI protocol). Comparisons were made between the groups using t tests for continuous variables and χ 2 tests for categorical variables. Non-parametric tests (e.g., permutation test, Fisher exact test) were used when the assumptions of parametric tests were questionable. For all analyses, we used R (version 2.15.3) [13] , and p values <0.05 were considered significant.
Cost Analysis
Financial direct costs were obtained via our enterprise's cost accounting systems. Cost data for patients prior to January 1, 2010 is maintained within the legacy system TSI (Elcipsys Corp). In 2010, the enterprise launched the EPSi cost accounting platform, where data, both financial and operational in nature, for encounters occurring after December 31, 2009 are maintained and updated. Costs were adjusted for inflation using the U.S. Bureau of Labor statistics Consumer Price Index for All-Urban Consumers (CPI-U).
In order to determine if direct costs were significantly lower in the post-MRI protocol period versus the MRI protocol period, we created a multiple linear regression model. The dependent variable was the logarithm of average daily direct cost. Average daily direct cost was computed by dividing the sum of fixed and variable direct costs by the patient's length of hospital stay (time from admission to discharge). A log-transformation was necessary to mitigate the issues of non-normal residuals and non-constant variance. The independent variable of interest was an indicator for time period defined as 0 if the patient was admitted before April 30, 2010 and 1 if the patient was admitted on or after April 30, 2010. We adjusted for the following patient-level covariates: age at admission (in years), gender (male, female), race (white, black, other), insurance status (Medicare, Medicaid, private/other), stroke etiology (cardioembolism, large artery atherosclerosis, other), IV tPA (yes, no), pre-stroke mRS, and NIHSS score at admission. Because we used the logarithmic transformation on average daily cost, exponentiation of the coefficient for the time period indicator provides an estimate of the ratio of the median of the average daily direct costs for the two groups. From this we computed an estimate of the reduction in the median of average daily direct cost along with a 95% confidence interval (CI).
Missing Data
We anticipated varying amounts of missing data for the variables of interest. For all variables, we calculated the percentage of missing values for both groups.
For the cost analysis, we used multiple imputation [14] to create and analyze 10 imputed datasets. Incomplete variables were imputed under fully conditional specification [15] . Calculations were done in R 2.15.3 using the default settings of the MICE 2.13 package [16] . Model parameters were estimated with multiple linear regression applied to each imputed dataset separately. These estimates and their standard errors were combined using Rubin's rules. We also performed complete case and sensitivity analyses to compare results to those obtained under multiple imputation.
We also examined change in cost from the pre-hyperacute MRI period to hyperacute MRI period by institute (e.g., Imaging, Nursing, Neurological, Pharmacy, Anesthesiology). We performed Mann-Whitney U tests to determine if costs were significantly different in the two time periods for each institute. To adjust for multiple comparisons, we used Holm's method [17] .
Results
All Patients
Two hundred and sixty-seven patients (88 [33.0%] in the pre-hyperacute period and 179 [67.0%] in the hyperacute period) were included in our study analysis. Summary statistics for all patients and stratified by time period are provided in Table 1 . Overall, the average age was 70.4 ± 14.9 years, 56.2% were female, and 72.6% were Caucasian. Among the variables listed in Table 1 , there were no significant differences between the two groups. However, a close examination of the counts of pre-stroke mRS in the pre-hyperacute MRI protocol group reveals that only 28 of the 88 patients had a pre-stroke mRS, while all 179 patients in the post-MRI protocol group had a pre-stroke mRS.
Among the other variables listed in Table 1 , we were missing 4 values for race, 1 value for stroke etiology, and 1 value for IV tPA. We had complete data for all other variables in Table 1 . Thus, for the multiple linear regression model, the only variable with a substantial amount of missing data was pre-stroke mRS. There was no significant difference in stroke severity measured by mean NIHSS score, baseline CT ASPECTS, or baseline mRS between the 2 groups. In the pre-hyperacute period, all but 3 (3.4%) of the 88 patients received EST, There was also no difference between the time from CT to groin puncture between groups. Rate of post-procedural hemorrhage (parenchymal hematoma -2) was also similar between the pre-and post-hyperacute MRI periods (9.8 vs. 5.8%, p = 0.50).
In terms of outcome data, 30-day mRS was available in 66 of 88 (75%) of the patients in the pre-hyperacute MRI period compared to 140 of 179 (78%). Despite decreasing the rate of EST being performed for acute stroke patients with LVO in the hyperacute MRI protocol period, more patients had overall favorable outcome based on 30-day mRS ≤ 2 (33 [23.6%] vs. 6 [9.1%], p < 0.001) and the 30-day mortality was significantly decreased in the hyperacute MRI period (32 [36.3%] vs. 41 [22.9%] , p = 0.03).
Cost Analysis
Patient length of stay did not significantly differ in the hyperacute MRI protocol period as compared to the pre-hyperacute MRI period (10.6 vs. 9.9 days, p < 0.42). After adjusting for the effects of age, gender, race, insurance status, stroke etiology, IV tPA administration, pre-stroke mRS, and admission NIHSS score, the median of the average daily direct cost was reduced by 24.5% (95% CI 14.1-33.7%, p < 0.0001) from the pre-hyperacute MRI protocol period to the post-hyperacute MRI protocol period. In addition, there was not a significant difference in median costs among patients who achieved successful recanalization in the prehyperacute versus post-hyperacute MRI periods, whether adjusted for confounding variables or not. Figure 1 displays the change in median cost for each institute by protocol period, and Figure 2 displays the proportion of costs based on institute. Direct costs were significantly lower in the post-protocol period for the imaging and anesthesiology institutes (Holm- adjusted p value < 0.0001 for both). No significant change in direct costs for the nursing institutes was found (Holm-adjusted p value = 0.2369). Direct costs were significantly higher in the neurological institutes (Holm-adjusted p value = 0.0054), and significantly lower in pharmacy (Holm-adjusted p value = 0.0397), and all other institutes combined (Holmadjusted p value = 0.0397). In the pre-protocol period, the imaging institute made up about 37% of the total direct costs, while in the post-protocol period, it made up about 27.4% of the total direct costs. Direct costs in the neurological institute increased from about 9.5 to 16.5% of total direct costs from the pre-to the post-hyperacute MRI period.
Sensitivity Analysis
As noted earlier, 68.2% (60/88) of pre-hyperacute MRI protocol patients were missing their pre-stroke mRS, while none of the post-hyperacute MRI protocol patients were missing this variable. The above cost analysis, which adjusted for pre-stroke mRS, included imputed values for pre-stroke mRS using multiple imputation. To test the sensitivity of imputed values, we examined two extreme cases: one where all missing pre-stroke mRS would have actually been 0 and one where all pre-stroke mRS would have been 5. We also examined complete case analysis with all variables used in the model under multiple imputation and a complete case analysis with pre-stroke mRS removed from the model.
When missing pre-stroke mRS were constrained to all be 0, the reduction in the median of the average daily direct cost dropped to 20.1% and was still statistically significant (95% CI 9.0-29.9%, p = 0.0008). When missing pre-stroke mRS were constrained to all be 5, the reduction in the median of the average daily direct cost dropped to 11.9% and was no longer statistically significant (95% CI -0.07 to 27.4%, p = 0.1948).
Although both of these extreme cases reduced the difference in the estimates of direct costs for the two groups, it is unlikely that all of these patients' scores would lie at one of the extremes. The imputation model we created accounted for important information such as age and comorbidity history in creating several sets of variable but plausible values for pre-stroke mRS. 
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Under complete case analysis with pre-stroke mRS included in the model, the reduction in the median of the average daily direct cost was 5.8% (95% CI +13.8 to -22.1%, p = 0.5305). It should be noted that 60/88 patients in the pre-hyperacute group were removed from this analysis. Complete case analysis with pre-stroke mRS excluded from the model yielded results much more similar to the results under multiple imputation. The estimated reduction in the median of the average daily direct cost was 23.2% (95% CI 12.8-32.3%, p < 0.0001).
Discussion
In this cost analysis, the median of the average daily direct costs was reduced by 24.5% from the pre-hyperacute MRI to the hyperacute MRI period. This finding, along with decreased procedure utilization and improved patient outcomes, suggests that the addition of MRI for patient selection not only benefits patients, but also creates a cost opportunity for hospital systems as well. Particularly in the current environment of increasing health care costs and reducing reimbursements [18] , finding better patient selection strategies is critical to the proper application and utilization of therapies.
EST is a resource-intensive treatment. Equipment and personnel costs exist, including the cost of devices for mechanical thrombectomy as well as angiographic radiologic technologists and nursing support. Reducing the overall number of interventions by half will reduce the utilization of these resources. In addition, avoiding interventions in patients with substantial core infarction (who have little to no benefit from the procedure) also reduces post-procedure costs of care. Most patients who receive EST are managed in a neurological intensive care unit (NICU); those who do not receive EST may not require NICU care and this also reduces overall cost. It is also possible that exposing patients with large core infarction to vessel manipulation via intervention and anesthesia (either general anesthesia or sedation) may cause them to look worse after the procedure, prompting more invasive procedures and supportive care. In post-hyperacute MRI protocol implementation, patients were also noted to have improved outcomes. Baseline functional status, stroke severity, procedural success, or complications did not explain this difference. It is likely that patients in the post-hyperacute group required less intensive care after admission and thus were able to move to the next phase of their care more quickly.
We acknowledge that rates of successful recanalization and good outcomes in this cohort are low compared to recently published positive randomized controlled trials. However, techniques and devices used for EST during the majority of the time period in our study were drastically different and less effective at achieving recanalization. In addition, baseline disability among other variables did not necessarily preclude selection of patients for EST.
This analysis only looks at the acute care costs of this patient population. By decreasing stroke disability, we also will decrease long-term costs for stroke. Costs associated with an mRS of 4 or 5 were three times higher than for an mRS of 2 or less and 70% higher than for an mRS of 3 [19] . Furthermore, 75% of the cost associated with a 90-day episode of stroke care occurs in the post-acute space rather than during the inpatient hospitalization, and payments for patients going to a skilled nursing facility or acute inpatient rehabilitation are 3-5 times higher than for patients who are discharged directly to home, respectively [20] [21] [22] . By reducing immediate disability, the patient should be on a trajectory for also improving cost in the post-acute space.
Overall, the health care system is facing great challenges as cost of care continues to rise and the population is aging, resulting in more individuals requiring care. Protocols that aid in selection, especially for procedures with potential for risk and high cost, are needed to treat those with the best chance for success and avoid intervention in those where there is little to
